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l)uring (IK standard gee)-rcclificaliml processing of tbc M lSR imagery, all four spectral bands belonging to cacb of
[l~c nine M lSR camclas arc. mquird 10 k gcolocatd aaci cwmg,iskrccl  automatically with about mm l}ixc.1 accut acy.
‘1’wo  steps of prmcssing  arc dcsignc(i to accomplish Ibis goal: I ) a complex mul[i-can~cra  gcolocation  and co-rcgislra-
tioa of (IIC  rcd spcdtal  band clata for all nine canlcras,  and 2) IIIC cx-rcgistmtion  of the otbcr (hrcc spectral bands of
M 1S1< imagcl-y of cacb camera using their re.lalioaship wit]] lhc already ~colocatccl  rcd band image.ry. ‘j’his paper
addmscs [bc second processing. ‘Ihc. geometry d Ihc salclli[c ot bil, tbc ellipsoid rotating cat 1}1, and the scparalioa of
lbc view angles bc(wcca  diffcl-cnl spcc[ral bands arc combined in a mathematical model which dcscribc.s  the band-to-
band line and sample parallaxcs. ‘l”hc sensitivity study of his lnodcl to numerous crmr sources, such as variations in
[Im (mbit  and cartb radius, orbil pcr[urbation,  and navigation crlors, leads 10 a practical polynomial band-to-hand
lwnsform solulion, and the dccisim  oa the usage of either static or dynamic band-to-band  Iransforlll as WCII as the
application range of (he. iransfor)n.

Kcy Words: Gcoloca[ion,  corcgishat  ion, orbit  pcrtutbalion, navigation cmr, image parallax, transfmun

1. lN’I’1{O1)(l(:’I’1  0N”

‘lhc Multi-angle Imaging SpcctrO1<a(liol~~ctor” (MIS]<) instrument for the llarlb C)bscrving  Sysicm  (}0S) is
10 bc launched in mid of 1998 aboard lhc. IX3S AM-1 salclli(c Illincr, 1991]. 11s parposc IS to s(udy tbc ecology ancl
clinlalc of Ihc carlb lllmugh lhc acc)uisilion  of syslclna(ic,  ~lol~al  mulli-:inglc.  imagcl-y in rcflccling sunl ight .  ‘1’IJc
inslrumcnl consis(s  of niac pushbmom  calncras  pointing al disct c[c view angles (one nadir, four forwal d and four ai”t-
ward, al angles of 0°, f 26.1 0, ~45.(i0, a. fifJ.OO, d 70.50, dcsigna[cd as AT) for nadir, Af, Rf, Cf, l)f for forward SC( and
A a, IIa, Ca, 1 Xl for aflward  SC( of camcm). 1 iach camera is CCIU ip})cd with four spc.clral bands ccn[crcd at 440, 550,
670, aad WK1 nm. lhring  k first  level standmd proccssins  of I aw instmmcnt imagery into scicncc data, the 36 chan-
nels of h41S1{ itna~cry arc required to bc gcolocatcd  and c{)-lcgistcmd  automatically with about onc pixel accuracy.
‘1’hc gcoloca(cd  ancl co-rcgis(crcd  mulli-band  imagcty on (I1c Space-Oblicluc Mc.rcator  (SCJM) map projection will
Il)cn bc. used in lhc sLIbsccIucnl  level two gcopbysical  pa] almlcl 1 ctt-icvals, such as aerosol oplical dcptb ancl scallcring
plopcr[ics, cloud classifica[im,  and albc.dm etc. As IIIC outpa( of this gco-rectification processing, a palamctcr  called
surface lcrrain prx)jcctcd radiance, as the part of tbc (icorcclific.d Radiance lhduc.ts (CIRP)  family, will bc derived.
‘1’hc surface tcmin pmjcc[cd  racliancc is rcfcrc.need 10 [hc surface clcfincd by (I1c datum of WGS84 ellipsoid including
1)1 iM ovci land and inland waler.

in mlcr 10 mc.cl the gcolocalioa and co-rcgistl alien accutacy rc.quimncnt for all tbc 36 chaancls, a comp]cx
IIlulli-c:ilncra gcolocal  ion and cmrcgistralioa  pmccss ulil i~ing the rcd spcdral  band data from all nine canwas is pcr-
fmtncd first  [Jovanovic,  1996]. l)uring this processing, image m:ilcbing is performed bctwccn  the input MIS]< imag-
c.ry and tl)c so-called MIS]< Rcfcrc.ncc  [hbiting  ln~agcry (]<01) for each canlcra  ia order to remove the disiw [ions
intrtxiucd by lhc Iopogr:iphy  and tk relative s[atic crmrs in the Icporlcd spacccraf(  cphcmcris and a(litudc data clur-
ing, II]c  ilnag,in~. ‘lhc 1<01 for each calncra  (red band oaly) wctc scl up dal ing lhc posi-launch gcomc.tric  calibration
ploccssiag, from which a prccisc. 1 inkagc bctwcca  tbc topograld~ir  surface and tbc cal i brat ing MISR RO1 arc providc~i
[ill oug,t~  the Imilding of an ancillary data SC.[ called l’rojcclion }):tl amdcr  data (1’1’). As a result of this fil S( s[cp of prm
ccssin.g, wc have a direct mapping bctwccn the. surface klrrain over [hc SOM map grid aad lbc ncw M 1S1{  rcd spectral
band ilnaf,cry for all nine. c.amcras. ‘1’hc.  acxt step is to provide a linkage furllmr  connecting 10 the othcl- thtcc spc.clral
bands of cacb camera as shown in l;igutc 1, wbicb is [hc subjcc[ of this paper.

‘1’hc h41SR band-lo-bard rcgiskation algorilhm is designed 10 rcII~mc. Ibc band-to-band  image parallaxcs
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bclwccn  d iffcrcn[  spcc[ral bands of the same camera caused by tt lc separation of the bands on dlc camera focal plane.
‘1’IIc  undctlying princip]cs  of lhc algoridlm  at-c tl)c gcm)ctry  of lhc camera stl-ucturc and orbiting of the spacccmfl
ovct the c.ar[h. ‘1’hc mathc.ma(ical model of these relations is sinlplificd according the influcncc  of various factors in
odm 10 plovidc :i fast and accumlc on-line rcgisltalion. ‘1’hc  Illain topics of this papcl include the band-to-band  rcla-
1 ionship, the corresponding mathcmat ical model, the error analysis of the model, and the algorithm i]ll[llclllclltali(>ll
an(l (Cst K’sulis.

2. MISR IIANI)-”1’O-l{AN1)  IMAGIC  1’ARA1.1.AX

‘1’IIc M 1S1< insiwmcal  has nine pusl~-broom  came]-as ]minling toward diflct’cnt  view angles. la order to prc)-
vidc itnagcly in four spc.ctral band, each camera uses four Chat gc-Ckmplcd  IJcvicc (CT] 1) line arrays in a single focal
plane. ‘1’l~c  line array consisi  of 1504 photoactive pixels plus 16 light- sllicldcd pi xcls pcr array, c.ach 21 pm x 18 pm.
1 kll line arlay is filtered [o provide onc of (I)c  foul MISR spccttal bands, shaped nominally Gaussian and ccn~crd  at
443, 555, 670, and 865nTN. ‘1’hc cross-track inslan(ancous  field of view (l I;OV) and sample spacing of each pixel arc
275 m fol all the off-nadir cameras and 250 m for the aadit  catIIcra. ‘Ihc along-track lI;OV clcpcnds on view angle,
]anging fl mn 250 m in (IIC  nadir to 707 m al the Iaost oblique angle tlloug,h sampling spat.c is always 275 m in all
C:illlcras.

I]ccausc of the. physical displacement of lhc four line at I ays wilhin the focal plane of each c:imcra, tllcrc is a
disl)laccmcat in llm card] view at the four spcckal bands. liigurc 2 illuskatcs  the spatial clisplacclncnt the four CX’lJ
line arrays rcla(ivc to CIC.ICCIOI coor(iina[c systcln. Nolninally,  band number 3 is locate.d in the y-~ p]anc, and the scpa-
I-alien t)ctwccn bands is equal to 160 pm. ‘1’hc  image displacclncal of lhc same surface. fcalurc rcsullcd  from band (0
band duc [0 this kind of camera design is charadcrizcd  by two value.s called line-parallax and sample-parallax. I ,inc-
parallax is (I)c dircd  result of the time clifl’crcrm  bctwccn iltmg,ing a Siound poinl by two diffcrcnl  hands. Samplc-
pamllax rcprcscnls  diffcl-cacc  in the sample coordinates (i.e., in Ihc dircclion across llm band) of the same groand
]minl pr(~cclccl to ihc itnagcry  corresponding to lhc diffcrcnl t,ands.

III oIdcI 10 compLI[c magnitude of twlh line find sample pat-al laxcs from band to band, a simulatd navigation
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l’igtm 2: Four line ddectors  (i.e., bands) in a single  focal plane

data, nominal gcomc[ry  of tbc cameras, and sur[acc topography of lbc cartb rqmscatd by a 1)1 iM arc USC(I.  At first,
a forward projcc{ioa of a sc.aa 1 iac of rays cowcspoadiag to tbc I cfcrcncc  baad, haa(i 3, is pc.rformc.d  in order (o fiad
:, IOUWI poia(s scca at kaowa lillc aad samp]c coordiaatcs ia tbc spcc[ral baad 3 imagery. ‘1’bca,  a backward projccticm
f’oI a band of iatcrcst is pd_O~d ia OIXICI  to find liac aml sample cool-di aa(cs of the same grouad  poiats scca by tbc
itna~cl y rcprcsca[iag tbc. band of iatcrcsi (e.g. baad 1). I)ifl”crctlccs bc[wc.ca tbc kt)owa line aacl sample coordinates
of [Kind 3 and (Imsc of baml 1 for oac scaa line or tbc rcfcrcacc baad arc I>1OIM ia l;i Sarc 3 aml ltigarc 4. l]otb liac
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aIId sample, parallaxcs alc plotted agaiast sa!aplc  coodiaatcs  of tbc ~cfcrcacc bad. ‘1’k l)f camera clcsigaa[c.s tbc
Inost  obl iqac foiwalci camcta aad (1IC Aa camera dcsigna(cs  tbc Icast obl iquc af(watd camera. As sect] from tbcsc two
figarcs,  liac l)arallax is mmlly a fanclioa d tbc calncra  ~ypc, tbc geometry Or lbc rotating ellipsoid carlb, aad tbc fluc-



0

,,, , ,,,

t)
-S@ s
E
2 “’

.1 :

‘L
-2

%an,,  !le. palalla”  .,. 0

2C.C  400  6W 803  lCW 1700 14LK  1600  0 200 40o  6(K 80.3 IWO 120o  ,4N N

Sample COOI dinatc  (rcf.band) Sample coordinak  (mf.ban(i)

J4’igurc 4: 1,inc am] sample  pardlams of Aa camera

tualion of tbc topography. Similarly, (1]c wuac factors influence tbc sample parallax. ‘1’hc goal of band-to-band rcgis(ra-
tion is 10 remove these parallaxcs with a minimutll usc of data sloragc. and processing lime while slill satisfying
gcolocalion  and Cwrcgislration  rcc]uircmcnls.

3. MAI’]]lNMA’1’ICAI,  MODICI,  01~ IMAGIC 1’ARAI.I,AX

3.1.1 ,illc l’amllax

Assun~in,g  a spllcrica] liat(h, a cit-cular orbii, and no alliludc change during (I]c  time cwrcsponding  lU h liac
paIallax  (Ibc cffcck  of tbc lcrms that arc ignored will bc discussed later), tbc line parallax from band of interest (0 tbc
lcfcl”cncc band is the, rcsu]t of Il)c gcomclt’y illustrated by };igurc 5. };]-om this figutc, the following relation can bc cslat~-
lisl]cd:

1,inc parallax A/ can bc related to Il)c ang]c A(1 through Kcptc]’s modified cqua(ion [}lcrrick, 1971] as:

(1)

(2)

wl)crc  a = orl)it sclni major axis, )- an(i v atc spacccraf(  radius :ind velocity vectors, p = liatlh  gtavilfllio]lal-  ]l):lss con-
SML :IIK1 f, = time. inlcl-val bctwccn  rccotdcd  lines. With Ihc :l~sulq~lion  tllal r)ll)it is ~ircular,  liquali~~n (2) is silw~ly!

‘~ = (“l lA~’ ‘i;’”t[)t’ (3)

wtvxc C’l, is conslanl. liqualion (3) ancl (1) can bc combined and expanded as ‘Ihylol  series with ~1, Ihc only variable
varies sip, nificanlly during tbc time from band 10 band,
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‘1’hc  coc.fficicals L’21 and C.’22 _can bc cslimatcd wilh the klIowa liac parallax of Sclccicd control poials lhroLtglI a
least-squam fitliag. ‘1’hc variab]c }1 ia Iiqualioa (4), which rcplcscats  the grouad height oa the orbital plaac,, musl bc
coavcttcd flmn the trac. groLiad height of the. image point oato tllc orbital plane accordiag to camera poiatiag.  I{igare
6 ill ustra(cs gcmnclry  uscci 10 compu[c the Iwojcclcd hcigllt p,ivca the image sample number y and hcighl II, fi om
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wllicb Iwo lclalioas  aboul 1 arc. formed:

1 z w’” l(C - 1’) ‘
(5)

/2 = (R,> + 11)2 - (I{c + 11)2 (6)

(kmlbiac  1 ;qualioa  (5) aad (6) and solve (I1c qaacltatic cqaatioa (smaller of (be {wo possible solu~ions)j  /1 is equal (0:

2

{/

2
~2R,- 2  ~2(Rc+  11+ 1:,,~). (l{c+ 11)

11 = -f --- --- f - }
? -h’c

y- -1
.f 2

(7)

IIc.caasc  smnc or tbc rclatioas (e.g., y < ) sampl( ) dac 10 Ihc 10II aad pilch aaglcs arc. ao~ takca iato account  aaaly(i-
tally. liqaaiioa  (7) is cxpaadcd to tbc ‘1’ay]or  series with variables height, image samp]c coordiaatc  s , and tbc nadir
salnplc location (.’4, ,

11 = c31+ c3211+  C33(S- C41)+ C34(.Y - C41)2+ . . .I{tl’{)?”3 ($)

la sammary,  tbc liac baad-to-baad parallax can bc compa[c(i with tbc followiag transform c.quation:

Al : C21+ C2211+ C23(,Y  - (.’4, )+ (:24(.$-  (:41)2+ . . .I{tlor4 (9)

3.2. Sample  parallax

‘1’hc sample parallax is result OC 1) scaliag bctwccl)  Icfcrcacc ban(l aad baad ofialcrcst ciac. to cliffcrcnt
IIK)V, 2) shift dac to small roll angle variation, 3) sbif[ dac to the liar(l)  rotation. ‘1’hcsc  effects can bc modeled as [bc
liacar scaliag p]as shift,

s t! e H’ : ‘)11 +’)12’~t,f (I(J)

la otdcr to (Jctcrmiac the traasforln coc.fficicats  aad tllcii- application raagc, and to estimate tl)c error magni-
tll(lcilltt cl(lllcc{l (ll)lillgt  llclllo(lcl  silllJllifica[i()  11, allcrl()t-  zll):ilysis w:isc()tl(lllctc.{i.

4.1. ltrror Al]alysis  ofl,il]cl’araJlax

‘1’ilc followiag faclors  coatribatc t o  tbc crlol ia tllc Jiac J~araliax (ic(c.rtl~illa~iorl: 1) error in tile projccicci
llci~llt jl;2)valifitiollof tllccar (ilraC iills” A’(, ;3)v:ll iatioil{ )ftllcC ]rt>ilra(liLls  R ;4)fractioaaJ  orbit ra(iius variatioa
ftolllt~:il~(ltol>ai~(i”  ARL$.,5)crro  riati]cspacccraf  (J>itcilatti(a(ic ~;all(l  6) flacti(;l:iis IlacccraflI  Jilcl)a ltitll(icv  ariati()ll
fioll~l~:ill{itol>:ll](l” Afi. rl't}c. cffccts  ()ftilcsc ctl{)rsal  ccstiil~atc(il~y calclll:ltitlgti]  cfir]alcrt(~riT~  liacparallax  usiag



●

1 iqualioas (1), (2), and (7). Tbc rmults  arc summarized it] ‘lhl)lc 1 aad the followiag  conclusion is maclc accorxliagly:

‘J’able 1: Sensitivity of the I ,ine l’ardlax  IVlodc] for Spectral Band 1

1.]sk;3~::Ii:
● lttrors  io sLIrl_acc  clcvatioa or I)IIM  is acgligiblc.
. 1(01 WGS84 c.llipsoid,  700 m cban~cs  ia lbc card] radius 1<,,

—.
Al<LT L c.~ = 150 atc-

“-;l’---.l
C.A~.q = 4“ -

0.02 11) Scc arcscc

0.000 0.013 0.061

0.000” 0.252 0.340 ‘-

Col’l”cspcm(ls to 30 Ia[iludc cbaa~c 0[ 1200 MISR
orbit Iincs. ‘1’hc car[b radius vatiatioa ]imils ll)c. al)l>licali{)ll[lal]gc of a scl of baad-to-baad line traasfom.

. lIoIb (1]c orbit vatia[ioa iil)d tbc ftactioaal  orbit variat ioa factors arc acgl igiblc accordi ag to ihc 1 IXN-AM spacc-
cmfl o] bitiop, specification.

● ‘1’hc Pact that attitadc aaglc.s may pcl-tul bcd from the spaccci aft spccificatioa Iimils tbc capability of prc-cstimat-
iag lIIC 1~:(11(1-lo-l]tlt](l  ltansfonn cocf(icicmls  with a aomiaal (whit  spccificalioa iaslcaci of dynamically calculating
oa line.

. ‘1’hc 4 arcscc  is a conscrva(ivc  crlor cs(imatc  of alliludc crl ot duliog the maximuln  time diffcrcacc bctwcca bands
(fol (I1c ])]ost oblique I) cameras). ‘1’his crm concspmds  (0 Illc ummmclcd navigation error bctwcco  baad of
iotcrc.s(  ~nd tllc. mfcrcncc band, which is a majw sourcx to Il\c t)z]l](l-lo-t)zlll(l rc.gistralion  cmm.

4.2. Error Analysis of Sample l’arallax

‘1’hc tl]rcc factols affcc(  t he  samp]c rcgisltalioa alc iadicalcd in $3.2. “1’l)c  first  faclot- is a cons(aal. ‘J’hc
bclmvim  of factional roll anslc  varialion duriap, lhc time pet iod from baad to baad is similar to tllal of pilcb aaglc.
‘1’IIc  ia(lucacc  of tbc carlh rotalioa dcpcads oa tbc locatioa of tllc orbit. 11s itnpact caa bc illustrated by assumia.g  that
a salnplc displaccmcat  corrc. spoads  to a cbaagc ia lbc ]oagitudc  ditcctioa,  as Ad = R4)AI,})  = A’COIAt}7COS~,  wbcrc.
R is tlIc carIb radius, }{ is the cartb radius a( lalitudc @ l-cla(ivc to tllc catth rolaliag axis, Ad is the cartb rotatioa

$
di~taacc al ibis latitude duriag tbc time period All) bctwcco two baads were imaged. I;OI k mmt ohliquc 1) cameras,
A~,, = 1.9scmmd  . ‘1’hc. change, on ibis rotation distaacc Ad duc to a latitacic cbaagc of A~ is:

1 iclua(ion (11 ) relates tllc scaliog of baod-to-baod  salllplc parallax As to an orbit traveling scgmcat A@ . It
is obvious this scaliag factor varies at diflcrcal latiladc duc to tllc carfb rotation. ‘lb dctcrminc tbc application raogc of
a set of san~plc band-twhancl  traasforln cocfficie.nls,  tl~c orbit lines Al corrcspomls  to tbc same segment of swath A$
cat) bc dilcctly l-c.latcd to A.Y as:

Al = 7352A,v (12)

4.3. Condusiou  of ltrror Analysis

‘1’hc.  following conclusion arc made accorditlg  to the c] t or analysis of both liac aad sample bao(i-to-baad  rc.g-
is[lalioa mode]:

. ‘J’bc  application ran.gc of tbc sample transform should bc less tbaa 2000 orbit Iiacs mainly  clue to tbc catlb rot:i-
tioa.

● ‘1’bc aplllication range of the line transform should bc less Ilma 1000 orbit 1 iac.s mai al y duc 10 tbc car[b radius
vaiia lion.

● ‘1’hc ttansform cocfficicats can bc dclcrmiac(i  citbc.r once. at tbc pos(-launch MIS]<  geometric calibration pbasc



(using nominal view anylcs), or dynamically during the standarcl proccssil~g  of MISR imagery clata.

S. A1,C;C)RIrl’]Ih4  lh41’l,lthllCNl’XI’ION  AN1) ‘J’KS’1’ RICSIJI.1’

I bring a rcccn( IlcIa version of standard ptoccssit~g,  Ihc dyaamic dctcminat  ion of band (o band coc.flicicnts
was implcmcntcd and tcsicd.

‘1’here is smnc unccrlaint  y about what Ibc s[ability of tbc 10S-AM  1 plalform  will bc. ‘1’hc  prcdictcd bchavi m
is sabs[antially better than the rcquircmcnts,  lkw  purposes of band-twband, tbc error analysis in $4.1 and ~4.2 strews
that tbc sbor[  tcrtn stability of (I]c  at(ita(ic is more crilical. “Ihl)lc 2 shows both lbc prc(lic[e(i  and tbc rccluirccl stabili(y

“l’able 2: MIS]{ Jitter/Stability

I Time Scale I Maximum }’cr[urbation (arcsccomk,  36) I

[

———.-—.—————7 -” - - —
1.0 1.9 T 2.6 I 2.2 7L— 1 . . ..1– .—...—~~

k 1.0 Rcqaircmcnt 8.0
--—
1.8 2.2 ---:~--l---  ::-1

I 6.0F----:=1-’:+I---’:-+-+
L—- +—-——- 1-- ——-——- -+—~

t“-- :2:-------””  l---””+”---”-~+H”---~+H,______________  ._—_______  ,-. ___._+ I
I 4 2 0 . 0  Rcquircmcnt I 20,0 I 2.0.0 I 20.0 I
~——~-—-—--——  4--—-4-–—– 4

L.. 480.0 1 9.9
1- . . 139 .. L!!?LJ

of the llC)S-AM  1 platform

‘lb test (I1c band -to- bancl algorithm, simulated MISR i tnagcry,  rcfcl cncc orbit imagery (RC)I), ancl projcctioa
paralnctcrs (1)1>),  was crcatcd.  ‘1’bc simulated M ISR imagery was bascci on 1.andsat  ‘J’bcmalic  Mapper (’l”M) (ia(a,
aion}~ witi~ a rc.gis(crcci IJI ;M. A lJnivcrs  ai ‘1’ransvcrsc.  Mercator (lJ’J’M) i~latc of an area of ccntt ai Mc,xico witil a map
scale of 28.5 m was uscci. ‘1’hc simulation proce,ss is cic.scribc(i in [ 1.cwic.ki, 1994]. l@r ti~is test, the simulation was
imrftmnc(i once. for a simuiatcci  orbit wi(i] iwc(iic[c(i stabiiity, an(i once. for an o] bit tilal oni y meets s(abiiity rcquirc-
mcnts.

1 iach set of ban(i-twban(i  transform cocfficicats  wci c (ictcrmi  nc(i using a sc.t of wcii ciislribatcci  control
points over a scgtncn[ of orbit as cicscribcci above. ‘1’hc iransfonn was used to rcsalnp]c  ti]c simulated MISR imagery
onto ti~c SOM map gri(i. ‘1’hc ban(i-to-ban(i  crmr for lhc 1)]: (mosl af(war(i  iooking camera) was 0.30 pixels (9570 cor~-
fi(icncc  ICVCJ)  in ti~c along track (iircclion for tile prc(iiclcd piatform  stability, and 0.68 pixels (95% conficicmcc icvcl)
in Ii)c aiong [rack (iircct  ion for the rcquirc(i  slabii it y.

‘1’i~c  ban(i-to-ban(i error was aiso mcasurc(i for Ihc AN (aa(iir looking camera), bal ti~c rcsalling error Wils

smailcr li]an our tcsl proccctarc coulci mcasarc (icss than 0.08 i)ixcls).



6. SIIMMARY

11 y usiag the gcomclry  of’ tbc M ISR camel a, wc ]Iavc dcvclopcd a bat~d-twhaad transfom  tlla( allows us to
cwlcgis[cr  tbc four baad of tbc MIS]< it~shumcn[,  ‘1’bis ttaasform has bcca imple.mcatcd, aad shown to meet out cc~-
mgisttalioa  rccluircmcats  aad wet-k WCII in practice.
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